Despite major advances toward an improved understanding of the mechanisms leading to tumor immunity, the successful translation of mechanistic insights into effective tumor immunotherapy is hindered by a number of immunological obstacles. These include the ability of tumors to foster a tolerant microenvironment and the activation of a plethora of immunosuppressive mechanisms, which may act in concert to counteract effective immune responses. Here we will discuss different strategies employed by tumors to thwart immune responses, including tumor-induced impairment of antigen presentation, activation of negative costimulatory signals and elaboration of immunosuppressive and pro-apopoptic factors. In addition, we will underscore the influence of regulatory cell populations that may contribute to this immunosuppressive network including regulatory T cells, NKT cells and distinct subsets of immature and mature dendritic cells. The current wealth of preclinical information promises a future scenario in which the synchronized blockade of immunosuppressive mechanisms and the removal of inhibitory signals might be effective in combination with other conventional strategies to overcome immunological tolerance and promote tumor regression.
Cancer Immunoediting: A Unifying Perspective of Cancer Immunosurveillance and Tumor-Immune Escape
During the past few years we have witnessed a breakthrough in the understanding of the cellular and molecular mechanisms of immune cell activation and homeostasis. Such extensive progress in defining the cellular and molecular networks that regulate the immune response in the tumor microenvironment has renewed our enthusiasm in the potential power of cancer immunotherapy. However, the successful translation of novel mechanistic insights into effective tumor immunotherapy is hindered by a number of obstacles including the ability of tumor cells to generate a tolerant microenvironment, the activation of negative regulatory checkpoints in the tumor microenvironment and the secretion of immunosuppressive cytokines and soluble inhibitory factors (1, 2) . These immunosuppressive strategies can either be "preexisting", arise through outgrowth of escape mutants, or take place during tumor-sculpting actions by the immune system (3).
The "cancer immunoediting" hypothesis, recently put forward by Schreiber and colleagues (3) has integrated the different mechanisms of tumor-immune escape with the "immunosurveillance theory" originally conceived in the early 20 th by Paul Ehrlich and postulated in the mid-20 th by Sir Marcfarlane Burnet and Lewis Thomas. The renaissance of tumor immunosurveillance in the new concept of "immunoediting" holds the idea that the immune system not only protects the host against tumor development, but can also promote tumor growth by selecting for tumor escape variants with reduced immunogenicity (3) . Using gene targeting experiments, the authors showed that the process of cancer immunoediting is comprised of three phases (4) . The first phase called "Elimination" essentially refers to cancer immunosurveillance, in which cells of the innate and adaptive immune systems (including NK, αβ and γδ T cells) and immunoregulatory molecules (including IFN-γ, IL-12, perforin and TRAIL) recognize and destroy developing tumors, thus protecting the host against cancer. The second phase is "Equilibrium", similar to the concept of tumor dormancy, which is a protracted period in which the tumor and immune system enter into a dynamic equilibrium. The third phase is "Escape", where tumor variants that emerge by an immune selection process from the equilibrium phase develop into clinically apparent tumors that grow in an immunocompetent host (3, 4) . Underscoring a new optimism that an enhanced understanding of the interactions between tumors and the immune system will lead to the development of novel cancer immunotherapy strategies, we will summarize here recent findings on the mechanisms leading to immune tolerance at the tumor microenvironment and the immunosuppressive strategies used by tumors to evade immune responses.
Tolerance to Tumor Antigens Induced by Malignant Cells
A fundamental change in our view of tumor immunology occurred in the early 90's following the surprising observations that most of the antigens expressed by tumor cells were not necessarily neo-antigens uniquely present in cancer cells, but rather tissue-differentiation antigens also expressed in normal cells (5, 6) . These unexpected findings led to the hypothesis that probably the greatest obstacle for harnessing the immune system against tumors was the immune system itself, and more specifically, its complex mechanisms for establishing T-cell tolerance against self-and by extension, to tumor antigens, most of them also considered as "self" (7) . Experimental evidence supporting the above hypothesis was provided by the Bogen's and Levitsky's groups who independently demonstrated that antigen-specific CD4 + T-cells were indeed rendered tolerant during tumor growth in vivo (8, 9) . Following the initial report of this phenomenon termed "tumor-induced anergy", several studies showed that this state of T-cell unresponsiveness also occurs during the growth of hematologic or solid tumors expressing model or true tumor antigens (10) (11) (12) , during the progression of spontaneously arising tumors (13) and more importantly during the progression of human cancers (14, 15) . Therefore, there is now an undisputed realization that the induction of tolerance to tumor antigens, through mechanisms akin to those that regulate responses to self-antigens, represents an important immunosuppresive strategy by which tumor cells might escape T-cell-mediated anti-tumor responses. This different view of tumor immunity has also raised the bar for cancer immunotherapy, since the barrier imposed by immune tolerance must be broken in order for the immune system to effectively recognize and eliminate tumors expressing mainly "self" (16) (Fig. 1) . Given the importance of this homeostatic regulatory mechanism, in the following sections we will discuss the cellular and molecular bases by which tolerance towards tumor antigens is established and maintained and what steps can be taken to overcome, in a controllable fashion, this remarkable obstacle for cancer immunotherapy.
Tumor-induced antigen-specific CD4 + T-cell tolerance
Most of our current knowledge of tumor antigen recognition by CD4 + T-cells, was initially gathered from the in vivo analysis of the fate and function of T-cell receptor (TCR) transgenic T cells specific for model antigens expressed by genetically engineered tumors (9) . In this system, the adoptive transfer of naïve transgenic CD4 + T-cells specific for hemaglutinin influenza (HA) into mice with established A20 B-cell lymphoma expressing HA as model tumor antigen (A20HA), resulted in a transient expansion of clonotype-positive T-cells as well as phenotypic changes associated with antigen recognition. However, these cells had a diminished response to cognate peptide in vitro and were unable to be primed following vaccination with a potent immunogen in vivo. Therefore, tumor antigen-recognition by antigenspecific T-cells occurs in vivo, but anergy rather than T-cell priming was the default outcome of such an encounter in tumor-bearing hosts. These sobering observations on the fate and function of naïve antigen-specific T-cells were recently extended to memory CD4 + T-cells with the demonstration that antigen-experienced T-cells are also rendered unresponsive during tumor progression (17) . In addition, the induction of this state of anergy is not only a characteristic of hematologic tumors, given the findings that growth of solid malignancies is also accompanied by a similar CD4 + T-cell functional outcome in vivo (10, 18) . Interestingly, in all these experimental models, the induction of CD4 + T-cell anergy coincided with the loss of therapeutic vaccine efficacy, indicating that tolerance to tumor antigens is in indeed a significant barrier to therapeutic vaccination. The fact that such a barrier also exists in humans was recently confirmed in patients with cancer, in whom CD4 + T-cells were also found to be functionally unresponsive (14, 15) .
Although the above studies unveiled the ability of tumors to induce CD4 + T-cell anergy in vivo, the mechanisms of tolerance induction, the composition of the tolerized population and their potential fate were not elucidated until more recently. Given the profound impairment in the function of tumor-antigen specific T-cells -as determined by their blunted proliferation and cytokine production in response to cognate antigen-it was initially thought that the whole tumor-specific CD4 + T-cell population was rendered anergic by the growing malignancy. However, a more detailed analysis of this T-cell population by Zhou and colleagues, surprisingly revealed that only a minority of tumor-specific T-cells are functionally anergic, while the large majority of the total pool of antigen-specific T-cells remained naïve or "ignorant " of the tumor (19) . Interestingly, in this study a proportion of the responding cells differentiated into regulatory T-cells capable of suppressing the response of both naïve as well as effector cells in vitro. These results provided a more complex picture of tumor-antigen recognition by CD4 + T-cells, i.e., their in vivo interaction with tumor cells led to a heterogeneous T-cell population composed of antigen-experienced T-cells (among them anergic T-cells), naïve Tcells as well as the emergence of tumor-specific regulatory T-cells displaying immunosuppressive properties. How these distinct cell populations are induced and what cellular and/or molecular mechanism(s) influence the final composition of these mixture of tumor-specific T-cells remains however to be elucidated.
Tumor-induced antigen-specific CD8 + T-cell tolerance
Anergy induction by tumors is not limited to the CD4 + T-cell compartment, since tumor progression in experimental models and in humans has been shown to be associated with functional impairment in antigen-specific CD8 + T-cells. However, there is still an intense debate as to how to define tolerance in the CD8 + T-cell compartment. Early studies of antigenspecific CD8 + T-cell responses equated peripheral tolerance with either "ignorance" or clonal deletion although more recent evidence has suggested that this may be only partly accurate. It was initially considered that the lack of cytotoxic T lymphocyte (CTL) efficacy in controlling tumor growth just reflected "tumor ignorance", since antigen-specific cytotoxic responses, proliferation and cytokine production could be measured upon in vitro re-stimulation or secondary immunization against tumor antigen (20, 21) . Still other studies have indicated that CD8 + T-cells are, indeed, rendered tolerant to tumor antigens (11, 12, 22, 23) . For instance, Lyman et al. have shown that antigen-specific CD8 + T-cells did not develop an effector function in the face of an increasing tumor burden and tumor antigen availability (23) . In another study, CD8 + T-cells displaying an antigen-experienced phenotype were detected in regional draining lymph nodes or in non-lymphoid sites where the antigen was present. However, these CD8 + T-cells were typically deficient in one or more effector functions, a phenomenon termed "split anergy" (24, 25) . More recently, Overwijk et al. developed a transgenic mice (Pmel-1 mice) that have a transgene encoding a TCR specific for the self/tumor antigen gp100 (12) . Reminiscent of the findings observed in transgenic T-cell specific for "model tumor antigens", Pmel-1 antigen-specific CD8 + T-cells were also found to be tolerant and as such unable to innately confer protection against B16 melanoma expressing a "true" tumor antigen (12) . Studies in melanoma patients have confirmed these experimental observations, since CD8 + T-cells specific for the tumor associated antigens MART-1 or tyrosinase were also shown to be tolerant, as determined by their poor cytolytic and proliferative capacities upon in vitro stimulation, despite phenotypic evidence of previous cognate antigen encounter and normal responses to unrelated antigens (14) . Therefore, CD8 + T-cell tolerance to tumor antigens likely exists, although the mechanisms and functional consequences of this effect still remain to be fully elucidated.
Cellular and molecular mechanisms involved in the induction of tolerance to tumor antigens
An important question that rapidly emerged after the initial demonstration of tumor-induced antigen-specific T-cell tolerance was whether this state of unresponsiveness was induced by tumors themselves or by immune cells, specifically bone marrow-derived antigen-presenting cells (APCs). Utilizing parent-into-F1 bone marrow chimeras we unambiguously demonstrated that tumor antigen processing and presentation by APCs (not direct presentation by tumor cells) was the dominant mechanism underlying the development of tumor antigen-specific CD4 + Tcell tolerance (26) . This critical role of APCs was operative not only in mice challenged with tumor cells that have an intrinsic antigen-presentation capabilities (B-cell lymphoma), but also in mice challenged with solid tumors that are ill-equipped to present cognate antigen to CD4 + T-cells (10) . These studies demonstrated therefore that the intrinsic APC capacity of tumor cells has little influence over T-cell priming versus tolerance, a critical decision that is regulated at the level of BM-derived APCs.
Dendritic cells (DCs), macrophages and B-cells are all BM-derived cells that express major histocompatibility complex (MHC) as well as co-stimulatory molecules and, as such, can potentially present tumor antigen to antigen-specific T-cells in vivo. Although it is plausible that under particular conditions each population might induce divergent T-cell outcomes (27, 28) , several lines of evidence have pointed to DCs in particular, as playing a critical role in the decision leading to T-cell tolerance versus T-cell priming in vivo (27, 29, 30) . Such a decision, it is now known, is greatly influenced by the environmental context in which the antigen is encountered by DCs. As will be discussed in detail in a later section, while antigen encounter by DCs in an inflammatory context trigger their maturation to a phenotype capable of generating strong immune responses, antigen capture by DCs in a non-inflammatory environment would fail to elicit productive T-cell responses leading instead to the development of T-cell tolerance (27) . The latter scenario -absence of inflammatory mediators-illustrates how DCs would normally encounter tumor antigens in vivo, an event that unfortunately is conducive to T-cell unresponsiveness rather than T-cell priming (30) . Adding complexity to this sobering outcome, as tumor progresses, its microenvironment not only fails to provide inflammatory signals needed for efficient DC activation, but it would impose additional immunosuppressive mechanisms such as IL-10 (31) and vascular endothelial growth factor (VEGF) (32) that will further impact negatively upon DC's maturation and/or function. Therefore, it is in this non-inflammatory and even "hostile" environment in which DCs would likely encounter tumor antigens in vivo, acquire "tolerogenic" properties and subsequently induce and maintain T-cell tolerance to tumor antigens. Although the signaling and molecular mechanisms by which the tumor microenvironment might induce tolerogenic DCs have not been fully elucidated, emerging evidence points to Stat3 signaling in tumor cells as playing a role in this process (33, 34) . The contribution of different subsets of DC to the immunosuppressive network of the tumor microenvironment will be discussed in detail in the last section of this review.
In lieu of the demonstrated ability of APCs, and in particular DCs, to induce both T-cell tolerance as well as T-cell priming, it was proposed that probably a delicate balance between activating and inhibitory pathways in these cells may play a role in determining such divergent T-cell outcomes. Among those inhibitory signaling pathways, Stat3 has been particularly shown to be a critical regulator of inflammation in several in vivo systems and its absence has been associated with the occurrence of autoimmune inflammation in vivo (35) . As such, we evaluated whether manipulation of this signaling pathway in APCs could influence the functional outcome of antigen-specific CD4 + T-cells. Disruption of Stat3 signaling either pharmacologically (through tyrosine kinase inhibitor, AG-490) or by genetic manipulation (LysMcre/Stat3 flox/− mutant mice) resulted in enhanced priming of naïve antigen-specific Tcells and restoration of responsiveness of anergic CD4 + T-cells (34) . Conversely, increased Stat3 activity in APCs was associated with impaired CD4 + T-cell responses. Furthermore, our findings that T-cell tolerance occurs in mice with an intact Stat3 signaling in APCs, but not in mice with targeted disruption of this pathway highlights a critical role for Stat3 in the in vivo induction of T-cell tolerance (34) . Similarly, in an in vivo model of tumor-induced antigenspecific T-cell tolerance, we have recently found that cross-presentation of tumor antigens by APCs in Stat3 −/− mice leads to activation rather than tolerance of antigen-specific CD4 + Tcells. This preservation of T-cell function was associated with a delay in melanoma cell growth in Stat3 −/− mice as compared to control mice (Cheng et. al, unpublished observations) . Stat3 signaling in APCs represents, therefore, a novel molecular target for manipulation of immune activation/immune tolerance, a central decision with profound implications for cancer immunotherapy, autoimmunity and transplantation .
As expected, Stat3 signaling seems not to be the only intracellular pathway determining the immuno-stimulatory capabilities of APCs. Recent studies have also identified SOCS1 as playing an important role in the regulation of APC's function, since inhibition of this molecule by specific siRNA resulted in breaking of tolerance towards the self-antigen Trp2 (36) . Furthermore, the demonstration that tyrosine phosphorylation of certain intracellular targets influences APC function (37) , led us to evaluate the effects of the tyrosine kinase inhibitor Imatinib Mesylate -an inhibitor of c-abl, c-kit and PDGFR tyrosine kinases-on the APC's ability to prime rather than tolerize tumor-specific T cells (38) . In vitro treatment of APCs with this drug enhanced the activation of naïve antigen-specific T-cells and restored the responsiveness of tolerant T-cells from tumor bearing hosts. More importantly, in vivo treatment with imatinib not only prevented the induction of tolerance in tumor-specific CD4 + T-cells, preserving their responsiveness to a subsequent immunization, but also resulted in enhanced vaccine efficacy (38) . Molecular studies of imatinib-treated APCs showed that among all the known molecular targets of STI-571, inhibition of c-kit phosphorylation seems to be the likely target in these cells. These findings demonstrate that tolerance to tumor antigens is not an insurmountable obstacle and point to c-kit signaling in APCs as an additional target to overcome mechanisms of T-cell tolerance in cancer.
Reverting T-cell tolerance to tumor antigens
The better understanding of the cellular and molecular mechanisms involved in the induction and establishment of tolerance to tumor antigens provided the appropriate framework for the development of therapeutic strategies targeting this barrier for cancer immunotherapy. Some of these strategies such as CTLA-4 blockade in T-cells or CD40 activation of APCs have been already proven to be effective in experimental models and are currently being evaluated in cancer patients, while others are still being tested in pre-clinical models. The rationale for targeting CTLA-4, a negative regulator of T-cell activation (39) was based upon the demonstration of its role in tolerance induction in vivo (40) and the findings that treatment of tumor-bearing mice with blocking anti-CTLA-4 antibodies, before and after adoptive transfer of tumor-specific T-cells, resulted in an enhanced response to subsequent vaccination (41) . These results were further confirmed in melanoma models in which the combination of a GM-CSF tumor cell-based vaccination with anti-CTLA-4 antibodies was associated with strong antitumor effect and development of vitiligo as a manifestation of tissue-specific autoimmune responses, likely triggered by CTLA-4 blockade (42) . Importantly, a similar pattern of induction of antitumor activity and autoimmunity was also observed in melanoma patients treated with anti-CTLA-4 antibodies and peptide vaccination (43) . Seems therefore that triggering of tissue-specific autoimmunity will likely be "the price to be paid" in our efforts to break tolerogenic mechanisms and elicit stronger antitumor responses in tumor-bearing hosts. In this regard, Daniels and colleagues have recently provided one of the best evidence to date supporting the concept of inducing autoimmunity as a mean of triggering effective tumor recognition and rejection (44) . They showed that intradermal injection of plasmid DNA encoding the herpes simplex virus thymidine kinase (HSVtk) gene transcriptionally controlled by the tyrosinase promoter (Tyr-HSVtk), along with Hsp70, led not only to "inflammatory killing" of normal melanocytes, but more importantly, to the generation of a CD8 + T-cell dependent, antigen-specific response capable of eradicating established melanoma tumors (44) . Importantly, some animals subjected to this approach developed vitiligo but no overt autoimmunity. Therefore, "intentional" but, controlled inflammatory destruction of normal cells, by breaking tolerance to self-antigens, might represent a potential strategy to overcome tolerance and generate immunity against tumors originating from specific tissues.
The demonstration of the role of APCs in the induction of tolerance to tumor antigens prompted the search for strategies that, by modulating the inflammatory status of these cells might influence the functional outcome of tumor antigen specific T-cells. Among those strategies, treatment of tumor-bearing animals with activating anti-CD40 antibodies was shown to convert a tolerogenic event into a priming event of antigen-specific CD4 + T-cells leading to enhanced response to vaccination (45) . Similarly, in vivo triggering of CD40 overcame peptide-induced peripheral CTL tolerance and markedly increased the efficacy of peptide-based anti-tumor vaccines (46) . Currently, strategies involving manipulation of the CD40/CD40Ligand pathway are under clinical evaluation in a variety of human cancers. Another strategy, although still in pre-clinical testing, is the therapeutic manipulation of the co-stimulatory receptor OX40, an approach that has been already shown to break tolerance (47) and to enhance the responses to neu vaccination in breast cancer models (48) . More recently, we have also demonstrated that the tyrosine kinase inhibitor Imatinib Mesylate can prevent the development of tumor-induced CD4 + T-cell anergy when given to tumor-bearing mice before adoptive transfer of tumorspecific T-cells (38) . Finally, immunization with peptide-loaded DCs treated with siRNA for SOCS1 and TLR ligands induced strong immunity against the self-antigen Trp2 leading to vitiligo and rejection of melanoma tumors (36) .
Ex vivo manipulation of anergic tumor-antigen specific T-cells represents an additional strategy to overcome this state of unresponsiveness. Studies in mice expressing gag as self-antigen in the liver, demonstrated that antigen-specific CD8 + T-cells are tolerant and unable to mount a response to immunization in vivo. However, repeated ex vivo stimulation of these T-cells with cognate antigen resulted in a population capable of rejecting a gag-expressing leukemia upon their adoptive transfer and concurrent treatment with IL-2 and chemotherapy in vivo (22) . A similar outcome was also achieved when anti-gag specific CD8 + T-cells were primed and expanded in vitro with IL-15 (49) . Therefore, in spite of the sobering findings pointing to tolerance to tumor antigens as a critical immunosuppressive mechanism that has undoubtedly raised the bar for cancer immunotherapy, a breeze of optimism has recently involved this field given the encouraging results that tolerance to tumor antigens can be safely broken in cancer patients.
Immunosuppressive Strategies Employed by Tumors to Evade T-cell Responses
Cancer cells display multiple immunosuppressive mechanisms to evade T-cell responses, either to avoid immune recognition or to disable effector T-cells (2, 50, 51) . These include alterations of components of the antigen presentation machinery, defects in proximal TCR signaling, secretion of immunosuppressive and proapoptotic factors, activation of negative regulatory pathways and specific recruitment of regulatory cell populations (2,27,52,53) (Fig.  2 ). These mechanisms are suggested to cooperate in advanced stages of cancer to limit the ability of the immune system to restrain the tumor and the effectiveness of immunotherapy strategies to successfully eradicate malignant cells (54) . Understanding the spatiotemporal regulation of these mechanisms might contribute to overcome the tolerizing conditions imposed by the tumor immunosuppressive microenvironment.
Abnormalities in the antigen presentation machinery
One of the best studied mechanisms used by tumors to avoid T-cell recognition is through impaired antigen presentation (55) . It has been observed that the continuous generation of tumor variants by increased frequency of mutations and/or genetic deletions can result in escape from T-cell recognition (52) . In this regard, cancer cells that no longer express the tumor antigen may escape destruction by CTLs and grow progressively. However, recent findings indicate that CTLs may indirectly eliminate these tumor variants when tumor cells express sufficient antigen to be effectively cross-presented by the tumor stroma (56) .
In addition to the generation of antigen loss variants, downregulation of the antigen processing machinery has been documented extensively at different levels in a wide variety of tumors and has been considered as the most common strategy exploited by tumors cells to escape T-cell control (2, 55) . Complete absence of MHC-I expression caused by mutations or alternations of the reading frameshift of the β2 microglobulin (β2m) gene, and decreased MHC-I expression due to transcriptional regulation (57-60) prevents recognition by effector CTLs. Furthermore, point mutations and gene deletions lead to selective loss of individual HLA alleles (61), which facilitates immune evasion from T-cell responses. These changes have been frequently observed in renal cell carcinoma, colorectal carcinoma and melanoma (51, 55) . However, MHC-I downregulation may in turn sensitize tumors for NK-cell attack and, consequently, tumors might display alternative mechanisms to evade NK-cell mediated recognition (62) . NK cells express activating receptors, such as NKG2D, which bind to the stress-induced ligands MICA and MICB that are expressed in a number of tumors (62) . Activation of NK cells through this signaling pathway can overcome the inhibitory effect of HLA class-I binding receptors (KIRs). Thus, although HLA class-I negative tumors should be susceptible to NK cell-mediated killing, downregulation or shedding of MICA or MICB may represent a novel mechanism of tumor-immune escape (63) . Recently Dranoff and colleagues demonstrated that anti-MICA antibodies generated in response to a combined immunotherapy strategy are associated with a reduction of circulating soluble MICA and augmentation of NK-and CD8 + T-cell-mediated cytotoxicity (64) .
Interestingly, impaired presentation of tumor antigens is also achieved by defects in the antigen processing machinery, including mutations of the transporter-associated with antigen processing (TAP) and components of the immunoproteasome such as LMP2 and LMP7 (reviewed in 55,57). These mutations can change the spectrum of peptides presented by MHC-I molecules. In most cases, expression of these components can be restored by treatment of tumor cells with IFN-γ, suggesting a reversible inhibition of gene transcription (57) . Since a number of excellent reviews have been recently devoted to tumor-immune escape mechanisms involving defects in antigen presentation (51,55,57), we will not discuss in detail these mechanisms and will directly focus on active immunosuppressive strategies developed by tumor cells.
Defects in proximal TCR-mediated signaling
Impairment of T-cell signaling has been detected in long-term tumor-bearing mice and patients with different types of tumors (51) . A marked decrease has been observed in the expression of CD3ζ chain, p56 lck and p59 fyn tyrosin kinases in tumor-infiltrating lymphocytes (TILs), all of which play critical roles in proximal signaling events leading to T-cell activation (51, 65) . Recent clinical work confirmed these defects in CTLs and NK cells from patients with melanoma, colon, breast and prostate carcinoma (51, 57) . Koneru and colleagues recently showed that impaired proximal TCR signaling inhibits CTL lytic function and inactivates the effector phase of antitumor responses (66) . The authors found that signal transduction is blocked in freshly isolated nonlytic TILs at an early stage of activation as a result of the activity of the inhibitory phosphatase Shp-1 (66) . Thus, cognate interactions between tumor and immune cells may result in blockade of proximal TCR signals and dependent lytic functions. Whether an integrated immunosuppressive network at the tumor site may contribute to defects in TCR signals still remain to be elucidated.
3.3.Tumor-induced immunosuppression through secretion of immunoregulatory cytokines: interaction with downstream signaling pathways
A number of biologically active agents (including cytokines and growth factors) either synthesized by tumor or stromal cells exert suppressive effects on the immune system (67). TGF-β is a pleiotropic immunosuppressive cytokine that inhibits T-cell activation, proliferation and differentiation (68) . Early studies have shown that transfection of TGF-β 1 cDNA into highly immunogenic tumors promotes tumor escape from the immune system (69). Furthermore, elevated serum TGF-β levels have been shown to be associated with poor prognosis in a number of malignancies, including prostate, gastric and bladder carcinoma (reviewed in 2). Gorelik & Flavell used genetically engineered CD8 + T cells to demonstrate that T-cell-specific blockade of TGF-β signaling can allow the generation of, an otherwise repressed, tumor-specific CTL response (70) . Most recently, Thomas and Massague demonstrated that TGF-β acts on CTLs to specifically repress the expression of different cytolytic gene products; namely perforin, granzyme A, granzyme B, Fas ligand (Fas L), and IFN-γ, which are collectively responsible for CTL-mediated tumor cytotoxicity (71) . In addition, antibody-mediated neutralization of TGF-β restored expression of these genes in tumor-specific CTLs, leading to tumor clearance in vivo. Recent observations from Ahmadzadeh et al. confirmed these findings in an in vitro examination of CD8 + T-cells from patients who received a melanoma vaccine (72) . These cells showed impaired effector functions when TGF-β was present in T-cell cultures.
Additional mechanisms of TGFβ-induced immunosuppression have also been reported. Terabe et al showed that CD1d-restricted natural killer T (NKT) cells can suppress effective CTL responses through mechanisms involving IL-13 and TGF-β production and activation of the IL-4R-STAT6 pathway (73) . Therefore, blockade of TGF-β signaling not only enhances the frequency of anti-tumor CTLs, but also restores the activities of the cytolytic machinery and IFN-γ production and counteracts NKT cell-mediated immunosuppression. Several therapeutic approaches have been explored to counteract TGF-β-mediated immunosuppression, including administration of an anti-TGFβR2 monoclonal antibody and small molecule drugs that inhibits the ATP-binding site of TGFβR1 and interrupt TGF-β-mediated Smad3 and Smad4 signaling (74) .
In addition to TGF-β, other biologically active agents are present in the tumor microenvironment and have been shown to impair immune cell function including IL-10 (31, 75), prostaglandin E 2 (PGE 2 ) (76) and sialomucins (77) . IL-10 is abundant in the tumor microenvironment, impairs DC functionality (31) and protects tumor cells from CTL-mediated cytotoxicity by downregulating TAP1 and TAP2 (75) . However, in contrast to previous assumptions, recent evidence indicates that IL-10 may also possess immunostimulating properties. Unexpectedly, overexpression of IL-10 in the tumor microenvironment synergizes with other cytokines to promote tumor rejection instead of inducing immunosuppression (78, 79) . Remarkably, it has been speculated that immunosuppressive cytokines and proapoptotic factors elaborated by tumor or stromal cells may not be necessarily tumor-immune escape mechanisms, but may instead contribute other biological functions including cell growth regulation, migration and angiogenesis (52) .
Mounting evidence supports the idea that immune cells and inflammatory mediators (cytokines, chemokines) within the tumor microenvironment, can either be beneficial or detrimental for tumor progression (80) . Karin and colleagues found that activation of the nuclear factor-κB (NF-κB) transcription factor through the classical IKKβ-dependent pathway critically regulates the decision between inflammation-induced tumor growth and immunemediated tumor rejection (81) . The authors demonstrated that inhibition of NF-κB in cancer cells converts inflammation-induced tumor growth to tumor regression (81). Thus, perception of different inflammatory mediators (cytokines, chemokines and growth factors) as promoters of carcinogenesis or tumor rejection may depend on the intracellular signals triggered by these biologically active agents in the tumor microenvironment. In this regard, it has been recently showed that tumors can inhibit the sensing of danger signals, thereby converting inflammatory response to those that could instead promote tumor escape (33) . In very elegant experiments, Wang and colleagues demonstrated that oncogenic signaling pathways, such as Stat3, can actively modulate tumor cell evasion of immune responses by inhibiting the production of proinflammatory danger signals (33) . Targeted disruption of Stat3 signaling in tumor cells resulted in up-regulation of proinflammatory cytokines and chemokines genes, including TNF-α, IFN-β and IP-10 (33). The critical role of Stat3 signaling in restraining multiple anti-tumor effector mechanisms defines this signaling pathway as one of the most attractive targets to potentiate innate and adaptive immunity in the tumor microenvironment.
Negative costimulatory pathways: immunological checkpoints in the tumor microenvironment
Effective modulation of antitumor responses requires the blockade of negative immunological checkpoints that may interrupt effector T-cell responses (54, 67) . Undoubtedly, one the best studied negative immunological checkpoints is the cytotoxic T lymphocyte antigen-4 (CTLA-4/CD152) which has been introduced in previous sections (41) (42) (43) 82) . CTLA-4 inhibits T-cell activation and IL-2 production through binding to B7 costimulatory molecules with higher affinity than CD28. Allison and colleagues were pioneers in demonstrating that blockade of B7-CTLA-4 interactions enhance the antitumor immune response (82) . Further work supported the concept showing that antibody-mediated blockade of CTLA-4 enhances the antitumor immunity provided by a GM-CSF-transduced vaccine (42, 43, 64) . This combined strategy proved to be successful in experimental models of established tumors and patients with malignant melanoma (41) (42) (43) . In most cases, CTLA-4 blockade was accompanied by the appearance of autoimmune manifestations including enterocolitis, vitiligo, hypophysitis, and hepatitis (42, 43 ). An interesting finding by Dranoff`s group was the demonstration of the efficacy of CTLA-4 blockade in patients who had previously been vaccinated with GM-CSFsecreting tumor cells (83) . Most recently, Quezada et al. showed that CTLA-4 blockade in combination with GM-CSF vaccination alters the intratumor balance of effector and regulatory T-cells (84) . These results unambiguously place CTLA-4 as a major inhibitory pathway in the tumor microenvironment.
Another immunological checkpoint that contributes to tumor cell evasion involves the interactions between programmed death-1 (PD-1) and programmed death receptor ligand 1 (PD-L1) (53) . PD-1 was first identified by Honjo and colleagues as a 55-kDa type-I transmembrane receptor in a murine T-cell hybridoma clone undergoing activation-induced cell death (AICD) (85) . The inhibitory activity of PD-1 was confirmed by the autoimmune phenotype of PD-1-deficient mice (86) . PD-1 can bind to PD-L1 (also called B7-H1) and to PD-L2 (also called B7-DC) resulting in most cases in inhibition of T-cell activation (87) . While the intimate mechanisms involved in the inhibitory effects of PD-1/PD-L1 interactions still remain obscure, it appears that the cytoplasmic tail of PD-1 contains an immunoreceptor tyrosine-based inhibitory motif (ITIM) and an immunoreceptor tyrosin-based switch motif (ITSM) (53) . PD-1 ligation induces ITIM phosphorylation and recruitment of the phosphatase Src homology region 2-containing protein tyrosine phosphatase-2 (SHP-2) (53). Dong et al. found that PD-L1 is expressed by different tumor types, including breast, ovary and colon carcinomas and its expression is up-regulated in the presence of IFN-γ (88). Tumor-cell surface PD-L1 inhibits immune responses by promoting apoptosis of effector CTLs via induction of Fas ligand (Fas L) and IL-10. Furthermore, PD-L1 overexpression in the murine mastocytoma P815 leads to decreased tumor cell lysis by a tumor-specific CTL clone (88) . In addition, antibody-mediated PDL-1 blockade reduced T-cell apoptosis leading to heightened T-cellmediated tumor rejection in different tumor models (88, 89) . Furthermore, studies from Blank et al. clearly demonstrated, using PD-1-deficient TCR transgenic T-cells, the ability of PD-L1 to inhibit the effector phase of tumor rejection (90) . In addition, blockade of PD-1/PD-L1 interactions improved DC-mediated antitumor activity in vivo, suggesting another cellular target of PD-1-mediated negative regulation (91) . Thus, targeted therapies aimed at interrupting PD-1/PD-L1 interactions will be useful to potentiate effector anti-tumor responses.
Although PD-1 engagement usually leads to the transduction of inhibitory signals, positive costimulatory roles for PD-L1 and PD-L2 have also been reported (53, 92) . In this regard, Shin et al. showed that PD-L2 (B7-DC)-deficient mice have impaired antigen-specific CTL function along with increased tumor growth (92) . These discordant results regarding the positive or negative effects of PD-L1 and PD-L2 signaling might be explained by the presence of alternative PD-L1 or PD-L2 receptors which could be expressed with different kinetics on different T-cell subpopulations. In this regard, it will be of interest to investigate whether simultaneous blockade of distinct inhibitory pathways including PD-1/PD-L1, B7/CTLA-4 and Stat3 will have synergistic effect in stimulating anti-tumor immunity and promoting tumor regression. Recently, Barber and colleagues elegantly demonstrated a critical role for the PD-1/ PD-L1 inhibitory pathway in functional impairment of antigen-specific T-cells in vivo (93) . The authors found that blockade of PD-L1/PD-1 interactions restored the ability of CD8 + Tcells to kill target cells (93) . However, blockade of CTLA-4 had no effect on CTL-mediated target killing. These results suggest no significant overlap between the inhibitory signals provided by PD-1 and CTLA-4.
In this regard, Watanabe and colleagues identified a third inhibitory receptor on T-cells: "the B-and T-lymphocyte attenuator (BTLA)" with similarities to CTLA-4 and PD-1 (94) . Interestingly, BTLA is not expressed by naïve T-cells, but is induced during T-cell activation and remains expressed on T helper (Th)-1 but not Th2 cells (94) . Whether BTLA contributes to tumor-immune escape remains to be investigated. Similarly, Kryczek et al. recently identified B7-H4 as a novel marker of a population of suppressor macrophages in human ovarian carcinoma (95) . Blockade of B7-H4 restored T-cell stimulatory capacity of macrophages (95) . Thus, targeting inhibitory costimulatory signals may represent a promising strategy to overcome immunosuppression, thereby augmenting specific T-cell mediated tumor immunity in response to immunotherapy.
Immunosuppression through modulation of tryptophan catabolism
One mechanism that may contribute to the establishment of immune tolerance in the tumor microenvironment is the immunoregulatory enzyme indoleamine 2,3-dioxygenase (IDO). This is a heme-containing enzyme which catalizes the oxidative breakdown of the essential amino acid tryptophan, via de kynurenine pathway (96) . The first evidence showing that IDO might play a role in the establishment of immune privilege was provided by Munn and colleagues who demonstrated that IDO preserves the fetoplacental unit from T-cell attack (97) . This effect was confirmed by in vitro observations showing inhibition of T-cell proliferation and blockade of cell cycle progression by tryptophan depletion (96) .
The fact that IDO is also expressed by different tumor cells prompted Uyttenhove and colleagues (98) to investigate the role of IDO in the establishment of tumor-immune escape. The authors demonstrated that immunogenic tumors engineered to overexpress IDO grew more aggressively in immunocompetent hosts and this effect correlated with a decreased accumulation of activated T-cells at the tumor site (98) . Importantly, in vivo administration of the IDO inhibitor 1-methyltryptophan resulted in reduced tumor mass and stimulation of antitumor CTL responses (98) . Although the precise mechanisms that regulate IDO expression and function still remain to be ascertained, Muller and colleagues recently showed that IDO is under the genetic control of the tumor suppression gene Bin1, which is attenuated in many human tumors. Using a mouse knockout model, the authors showed that Bin1 can restrain immune escape of oncogenically-transformed cells by restricting expression of IDO (99) . Finally, the authors found that small-molecule inhibitors of IDO cooperate with chemotherapeutic agents to elicit regression of established tumors refractory to single-agent therapy (99) .
Whether IDO plays a physiological role in peripheral T-cell tolerance still remains to be elucidated. In contrast to other critical homeostatic mediators such as CTLA-4 or PD-L1, IDOdeficient mice do not display lymphoproliferative disease or autoimmunity, suggesting that IDO might be predominantly involved in the generation of local immune tolerance at selected immune privilege sites, including fetoplacental tissue and tumor microenvironments. Thus, pharmacological blockade of IDO may be an important component of combinatorial immunotherapy strategies.
The "tumor counterattack" hypothesis: a dilemma to be solved
One of the most controversial mechanisms of tumor-induced immunosuppression is the expression of death receptor ligands (e.g FasL, TRAIL) by cancer cells. FasL was first identified in 1993 as a 40 kDa type-II transmembrane protein belonging to the TNF family (100) . FasL can interact with its receptor Fas and trigger a cascade of subcellular events leading to the induction of apoptotic cell death of sensitive target cells (100) . Fas/FasL interactions play important roles in cytotoxic T-cell responses, activation-induced cell death (AICD), and maintenance of immune privilege (100,101).
In addition, it has been speculated that acquisition of FasL may enable cancer cells to deliver death signals to activated Fas-positive T-lymphocytes (102) (103) (104) (105) . Supporting this hypothesis is the observation that human tumor cells of diverse origin, including melanoma, gastric carcinoma, astrocytoma and lymphoma express FasL (105) . Furthermore, T-cell apoptoiss has been found in situ associated with FasL-expressing tumors (105).
In 1996, Hahne et al. reported the ability of FasL to confer immune privilege to tumor cells in vivo (102) . The authors found that injection of FasL-positive melanoma cells was substantially delayed in mice with a mutated Fas receptor, supporting in vivo the concept that tumor cells may eliminate effector T-cells through a FasL-dependent mechanism (102).
However, despite the wealth of data accumulated in support of the FasL counterattack hypothesis, many contradictory studies have been reported showing that FasL can also have proinflammatory and antitumoral effects in some contexts (52) . FasL gene delivery to sites of tumor growth resulted in increased tumor rejection instead of tumor-immune escape, an effect which was accompanied by increased infiltration of inflammatory neutrophils (106) . In addition, after screening a panel of melanoma cell lines by reverse transcriptase-PCR and functional assays, Chappell et al. concluded that none of these cells expressed functional FasL and indicated potential cross-reactivity of the anti-FasL antibodies used in the original experiments (107) .
To reconcile these conflicting findings, it has been hypothesized that the maintenance of immune privilege in tumor relies on the collective production of inhibitory signals, such as TGF-β, that may create an appropriate setting to prevent the pro-inflammatory effects of FasL, thus favoring immune escape by eliminating anti-tumor effector cells (106) . In addition, it has been speculated that the local levels of FasL might also influence the final outcome; while higher levels of FasL (ie. induced by FasL gene delivery) may lead to neutrophil inflammation, physiological levels may be sufficient to delete anti-tumor lymphocytes and promote tumor escape. Nonetheless, the debate is still alive. Ryan et al. recently showed that down-regulation of FasL expression in colon cancer cells significantly reduced tumor growth in syngeneic immunocompetent mice and stimulated the development of a T-cell mediated anti-tumor response (108), providing novel support in favor of the "Fas counterattack" hypothesis. Interestingly, Andreola and colleagues refined this hypothesis reporting a novel mechanism of tumor counterattack through the secretion of microvesicles expressing functional FasL (104) . The authors showed that melanoma cells express FasL intracellularly with a localization confined to multivesicular bodies. During tumor progression, FasL-containing microvesicles can be released extracellularly and induce apoptosis of Fas-sensitive lymphoid cells (104) . These results led to the realization that tumors may be capable of triggering death of immune effector cells located at distant sites from the tumor microenvironment through the release of FasL-bearing microvesicles (109) . Adding complexity to this controversial mechanism, it has been proposed that Fas/FasL interactions may promote AICD of anti-tumor T-cells. Upon tumor recognition and activation, T-cells may express substantial levels of FasL, which will induce "suicidal" or "fratricidal" cell death (52) . Further, Lugini et al. recently reported an intriguing observation showing that human metastatic melanoma cells may even engulf and ingest live T-lymphocytes through a process called "tumor cannibalism" (110) .
In addition to FasL-mediated counterattack, other molecules including the death ligand TRAIL (111) and the chemokine RANTES (112) have also been involved in tumor-induced cell death. In addition, certain tumors express RCAS1 (receptor-binding cancer antigen expressed on Siso cells), which induces cell cycle arrest and apoptosis of activated T-cells expressing functional RCAS1 receptors (113) . Finally, Chahlavi et al. recently showed that glioblastoma cells induce T-cell death through distinct mechanisms involving gangliosides and CD70/CD27 interactions (114) . Interestingly blockade of CD70, but not TNF-α or Fas protected effector T-cells from tumor-induced cell death (114) . Collectively, these observations suggest that multiple mechanisms may contribute to T-cell dysfunction observed within the tumor microenvironment. Whether different "counterattack" strategies may prevail in individual tumor cell types still remains to be investigated.
Regulatory T-cells in the establishment of tumor-immune privilege
Significant interest has recently focused on the premise that tumors may subvert tumor immunity by promoting the expansion, recruitment and activation of regulatory T-cell populations (115, 116) . CD4 + CD25 + T-regulatory cells (Tregs) were identified by Sakaguchi and colleagues as a naturally occurring CD4 + T-cell subset (comprising 5-10% of all peripheral T-cells) constitutively expressing CD25 that suppresses T-cell responses in vitro and in vivo (114) . It has been suggested that the forkhead box P3 (FOXP3) transcription factor represents a reliable intracellular marker for naturally occurring Tregs, in combination with other markers including CTLA-4, glucocorticoid-induced TNF receptor (GITR), lymphocyte activation gene-3 (LAG-3) and neuropilin (115, 116) .
Mounting evidence indicates that Tregs play a key role in restraining anti-tumor immunity (115) . A high number of CD4 + CD25 + FOXP3 + cells is found in lung, pancreatic, breast, liver, ovary and skin cancer patients either in the circulation or in the tumor itself (115) . In a very elegant study, Curiel and colleagues recently provided proof of principle of the critical role of CD4 + CD25 + FOXP3 + cells in promoting tumor-immune privilege (117) . The authors found that large numbers of CD4 + CD25 + FOXP3 + cells in tumors and malignant ascites, but not in tumor-draining lymph nodes inversely correlate with the survival of patients with malignant ovarian carcinoma (117) . Interestingly, the authors advanced a step forward demonstrating that Tregs migrate into the tumor site under the influence of the chemokine CCL22, providing convincing evidence that Tregs create a favorable environment for tumor escape (117) .
How can we overcome the suppressive effects of Tregs? Pioneer studies revealed that depletion of CD4 + CD25 + Tregs using anti-CD25 monoclonal antibodies results in heightened T-cellmediated tumor rejection (118, 119) . Supporting these findings, Turk and colleagues demonstrated that selective depletion of Tregs in tumor-bearing mice results in CD8 + T-cellmediated tumor rejection and concomitant immunity to a poorly immunogenic tumor (120) . Furthermore, treatment with anti-GITR agonistic antibodies has been shown to overcome tolerance to tumor antigens by either attenuating the suppressive activity of Tregs or costimulating effector T-cell functions (121) .
An interesting therapeutic approach for depletion of Tregs is the use of denileukin diftitox (Ontak) which is a ligand toxin fusion consisting of full-length IL-2 fused to the enzymatically active and translocating domains of diphtheria toxin (116) . This complex is internalized into CD25 + cells by endocytosis. The ADP ribosyltransferase activity of diphtheria toxin is cleaved and translocated into the cytosol, where it inhibits protein synthesis, leading to apoptosis (116) . Furthermore, a recent study described a novel mechanism by which Toll-like receptors (TLRs), particularly TLR8 engagement, can reverse the function of Tregs (122, 123) , suggesting that natural or synthetic TLR ligands may also serve as potential drug targets to overcome regulatory T-cell function in cancer. Moreover, cyclophosphamide treatment has been shown to inhibit Tregs by selectively depleting the cycling population of CD4 + CD25 + cells (124) .
In addition to naturally-occurring Tregs, other regulatory cell populations may also contribute to impaired tumor surveillance in cancer patients. In this regard, IL-10-producing Treg cells (Tr1) have raised considerable attention (125, 126) . Recent studies showed that exposure of DC to myeloma cell lysates results in increased IL-10 production which in turn favors the expansion of Tr1 cells (127) . In addition, CD4 + NKT cells constitute another immunosuppressive cell population in the tumor microenvironment which suppresses CTLeffector functions by secreting IL-13 and TGF-β (73). Thus, different regulatory cell populations may be recruited and activated at the tumor site to disarm T-cell effector mechanisms and tilt the balance toward an immunosuppressive tumor microenvironment. Harnessing the immune system by eliminating immunoregulatory cells is currently a major concern of tumor immunologists.
Protein-glycan interactions in tumor-immune escape
Protein-glycan interactions play critical roles in several aspects of cancer biology including metastasis, cell migration, angiogenesis and inflammation (128) Galectins are evolutionarilyconserved glycan-binding proteins defined by their affinity for N-acetyllactosamine sequences which can be displayed on both N-and O-glycans on cell surface glycoconjugates (128) . Through binding to these glycoconjugates, galectins can deliver signals intracellularly and modulate different biological processes including cell survival, angiogenesis and inflammation (126) . To date, 15 mammalian galectins have been identified, 11 of which have human orthologues. Galectins are present in tumor cells and cancer-associated stroma in different tumor types, including melanoma, glioma, gastric cancer and breast carcinoma (129) . In general, expression of these proteins correlates with the aggressiveness of the tumors and the acquisition of metastatic phenotype, indicating that galectins might modulate tumor progression and influence disease outcome (129) .
Galectin-1, a member of the galectin family, has the potential to inhibit T-cell effector functions by inducing T-cell apoptosis (130) , sensitizing T-cells to FasL-induced cell death (131), blocking proximal TCR signals (132) and suppressing Th1 and pro-inflammatory cytokine secretion (133) . It has been shown that the regulated expression of glycosyltransferases during T-cell development and activation, creating N-acetyllactosamine ligands, may determine Tcell susceptibility to galectin-1 (reviewed in 134).
Prompted by these observations, we have investigated whether tumor secretion of galectin-1 might contribute in tilting the balance toward an immunosuppressive environment at the tumor site. Using in vitro and in vivo experiments we found that human and murine melanoma cells secrete functional galectin-1, which substantially contributes to the immunosuppressive activities of these tumor cells (135) . Targeted inhibition of galectin-1 gene expression in vivo rendered mice resistant to tumor challenge and allowed the generation of tumor-specific Th1-type responses in tumor-draining lymph nodes (135) . Given its profound effects on tumorinduced immunosuppression, galectin-1 may be an attractive target for therapeutic intervention in cancer.
Additionally, other members of the galectin family such as galectin-2, -3 and -9 have been shown to negatively affect T-cell survival, activation and cytokine secretion (136) (137) (138) (139) . Particularly interesting, Zhu and colleagues recently showed that galectin-9 can act as a ligand of Tim-3, a Th1-specific cell surface molecule and negatively regulate Th1 responses (138) . In addition, Demetriou and colleagues found that multivalent complexes composed of galectin-3 and specific N-glycans may restrict the lateral mobility of TCR complexes and restrain TCR-mediated signal transduction (139) . Thus, it is becoming increasingly apparent that galectins may contribute to immunoregulation by tuning the initiation and resolution of T-cell responses. The increased understanding of the role of galectin-sugar interactions in cancer-induced immunosuppression should provide insights into how the regulation of galectin expression might be exploited for therapeutic purposes.
Dendritic Cells: Key Players in the Immunosuppressive Network Displayed by Tumor Cells
DCs are critically important for the generation and maintenance of anti-tumor immune responses (140) . It is now well established that tumor cells contain a large number of antigens that can be recognized by the host immune system. DCs can take up, process, and present tumor antigens to activate a tumor-specific T-cell response. However, this does not happen in most types of cancer or in animal models with spontaneously arising tumors. Instead of being eliminated by an immune response, tumors progress, metastasize and ultimately kill the host. We will highlight in this section the most important strategies by which DCs contribute to the immunosuppressive network, thus leading to tumor escape and failure of immunotherapy strategies.
DCs are developed in the bone marrow from hematopoietic progenitor cells (HPC) under the control of a complex network of soluble and cell-bound molecules produced and expressed by bone marrow stroma (140) . Most DCs differentiate along the myeloid lineage, and precursors of DCs include common myeloid progenitor cells (CMP) and immature myeloid cells (IMC). DCs can also differentiate from common lymphoid progenitor cells (CLP). The proportion of lymphoid DCs is substantially lower than that of myeloid DCs, and most of these cells belong to a relatively rare subset of DCs known as plasmacytoid DCs (pDCs). However, recent studies have established that pDCs can be generated not only from CLPs, but also from CMPs (141) . pDCs express lymphoid antigens and produce large amounts of type-I IFN in response to viruses. They have a lower ability to process and present antigen and stimulate T-cells than myeloid DCs. In humans, myeloid DCs are characterized by a lack of expression of lineagespecific markers and the expression of CD11c, whereas pDCs do not express lineage-specific markers or CD11c, but express a receptor for IL-3 (IL-3R). In vitro, myeloid DCs are dependent on GM-CSF, and pDCs are dependent on IL-3 and IFN-α for survival (142) . DCs that leave the bone marrow are defined as immature DCs (iDCs). iDCs have little or no expression of costimulatory molecules such as CD80, CD86 and CD40 on the surface and produce little or no IL-12, which is required to support T-cell proliferation. However, these cells are capable of taking-up and processing various molecules and microorganisms. In tumor tissues, antigens may come from dying tumor cells. DCs can engulf apoptotic or necrotic tumor cells, and process and present tumor-associated antigens on their surface. Different microbial and viral products, necrotic cells including tumor cells, double-stranded RNA and other factors can activate DCs. This effect is clearly manifested by up-regulated expression of MHC-II and costimulatory molecules, increased IL-12 production and enhanced stimulation of antigenspecific T-cell responses (143, 144) . Data from many laboratories obtained during the past few years indicates that defects in the DC system are one of the main factors responsible for tumor escape, which contributes in various ways to the T-cell defects in cancer. These abnormalities manifest in several major phenomena.
Decreased presence of functionally competent DCs
Tumor-bearing mice have been shown to have decreased numbers and function of DCs in lymph nodes, spleen and skin (145, 146) . Large numbers of studies in cancer patients have found similar effects. We have described decreased presence of DC populations in patients with squamous cell carcinoma of the head and neck (HNSCC). Patients with early stages of the disease had more than 2-fold and patients with advanced disease more then 4-fold fewer DCs in peripheral blood than control healthy donors (147) . In more recent studies significant reduction in the number of DCs was demonstrated in patients with HNSCC (148) . In these studies, both myeloid and lymphoid populations of DCs were investigated. A significant decrease was observed only in the myeloid population of DCs, whereas pDCs were not affected. Most recent studies have evaluated circulating DCs in 136 patients with breast cancer, prostate cancer, and malignant glioma. Patients had significantly fewer circulating myeloid DCs and pDC, and a concurrent accumulation of immature DCs. Immature DCs had reduced capacity to capture antigens and elicited poor proliferation and IFN-γ secretion by T-lymphocytes (149) . Several clinical studies have provided clear evidence that surgical removal of tumors can increase the number of DCs in the peripheral blood of patients with cancer. We have demonstrated an increase in the total DC population in patients with breast and prostate cancer after surgery (147) . The functional consequences of the decreased number of functionally competent DCs in patients with cancer are obvious: a decreased number of APCs makes immune stimulation less effective. However, it is likely that other manifestations of the defective DC differentiation and activation have more profound effects on antitumour immune responses.
Accumulation of immature DCs in cancer
In patients with cancer, it has been repeatedly shown that tumors contain cells with phenotype of iDCs. For example, Troy et al. have shown that DCs are not recruited in large numbers into renal cell carcinomas, and that the low number of DCs that can be recovered from these tumors are minimally activated and have reduced allostimulatory activity (150) . These DCs express low levels of the co-stimulatory molecules CD80 and CD86. Furthermore, DCs derived from progressing melanoma metastases do not express CD86 at all (151) . Similar data was obtained for DCs isolated from basal cell carcinomas (152) . Less than 1% of the intratumoural DCs and only approximately 10% of the peritumoral DCs expressed either CD80 or CD86. DCs harvested from BCC had reduced APC function. Chaux et al. reported that less than 10% of DCs isolated from colon carcinomas express CD80 or CD86 (153) . Importantly, the addition of GM-CSF and TNF-α, or CD40L to in vitro cultures, all of which are normally potent stimulators of CD80/CD86 expression, did not induce CD80 expression on tumor-infiltrating DCs. This indicates that the lack of CD80/CD86 expression does not simply result from a lack of activation of these cells in the tumor microenvironment but might be caused by defects in cell differentiation (153) . Consistent with these observations, an increased proportion of iDCs with reduced expression of co-stimulatory molecules was found in the peripheral blood of patients with breast, head and neck, lung, and esophageal cancers and similar data has been obtained in mouse tumor models (146) (147) (148) (149) (150) (151) (152) (153) (154) . Immature DCs are unable to induce antitumour immune responses and can induce T-cell tolerance. It has been shown that if APCs fail to provide an appropriate co-stimulatory signal for T cells, tolerance or anergy can develop (27, 140) . DCs derived from colon cancer tissue or melanoma-associated DCs were not only significantly less potent inducers of T-cell proliferation, but also induced T-cell anergy (151) (152) (153) . It has been demonstrated that in vivo delivery of antigen into non-activated DCs in tumorfree mice results in the induction of CD8 + T-cell tolerance (155) . Since these non-activated DCs resemble iDCs, it is possible that similar mechanisms might take place at certain stages of tumor growth. Specific experiments, probably in transgenic tumor models, need to be designed to directly address this question in vivo.
Accumulation of tolerogenic DCs in cancer
In addition to accumulation of iDCs, a number of studies reported the presence in tumor tissues of subsets of DCs with potential to suppress T-cells. Most prominent of them are pDC (156). As we described above in contrast to myeloid DCs, the number of circulating pDC in patients with different types of cancer was not changed. Furthermore, accumulation of pDCs was found inside ovarian tumors. This accumulation was attributed to stromal-derived factor-1 (SDF-1) secreted by malignant cells. Tumor associated pDCs induced IL-10 production by T-cells (157) . pDCs also infiltrated tumor tissue of patients with HNSCC. The ability of these pDCs to produce IFN-α was diminished. Tumor-induced down-regulation of TLR9 was identified as one mechanism probably contributing to impaired pDC function within the tumor environment (158) . Accumulation of pDCs was also found in peritumoral areas of primary melanomas (159) . It has been shown that mouse tumor-draining lymph nodes contained a subset of pDCs that constitutively expressed immunosuppressive levels of the enzyme IDO. This may prevent the clonal expansion of T-cells and promote T-cell death. Despite comprising only 0.5% of LN cells, pDCs potently suppressed T-cell responses to antigens presented by the pDCs themselves and also, in a dominant fashion, suppressed T-cell responses to third-party antigens presented by nonsuppressive APCs. Adoptive transfer of these DCs into naive hosts created profound local T-cell anergy (160) . The expression of IDO in myeloid DC has been described for both human and murine DCs (29) . The appearance of IDO + DC could be demonstrated in vivo in breast tumor tissue as well as draining lymph nodes in patients with melanoma, breast, colon, lung and pancreas cancers (96) . Treatment with CTLA-4-immunoglobulin fusion protein was found to upregulate the levels of immunoreactive IDO only by certain subsets of mouse APC in the spleen. This response was restricted mainly to cells in the B220 + (pDC) and CD8α + populations of splenic DCs (161) . Studies with APC fractions that were isolated from mice exposed to CTLA-4-immunoglobulin confirmed that IDO-dependent T-cell suppression was confined to specific DC subsets that express these markers (162) . Further evaluation will be needed to clarify whether these results describe a single 'IDO-competent' population of cells that expresses both markers (that is, B220 + CD8α + DCs) or several different populations within the complex mixture of DC subtypes in the spleen. However, an important point is that many more cells express the target ligands for the CTLA-4-immunoglobulin fusion protein than actually showed up-regulation of IDO expression. A detailed analysis of IDO-mediated T-cell suppression in tumor-draining lymph nodes (160) showed that although a significant fraction of DCs expressed detectable levels of IDO protein by immunohistochemistry, the functional IDO-mediated suppression was mediated almost entirely by a small, well-defined CD19 + subset among the B220 + plasmacytoid DCs. Furthermore, in humans an IDO + DC subset could be detected, which also expressed CD123 and CCR6 (29) . Whether this particular DC phenotype is a specialized feature of tumor-draining lymph nodes or is a more general phenomenon remains to be elucidated, but this data emphasized that the biologically relevant population of IDO-expressing DCs might be a minor subset. Even within the population of IDO-competent DCs there can be a considerable degree of functional plasticity. Certain proinflammatory signals might down-regulate the expression of IDO by cells that would normally express it (96) . In contrast, different tolerogenic stimuli might induce IDO expression by different DC populations (96, 163 ).
Other regulatory DCs
A number of reports described several populations of regulatory DCs. These cells were generated in response to different stromal cell and/or different cytokines. These cells most likely represent not a defined DC subset but rather cells that were "conditioned" by microenvironment to acquire certain features that make them immunosuppressive. It is possible, although no definitive data is yet available, that immunosuppressive features could be quite transitory and depend on the presence of those factors. These findings were made not in tumor models. However, it is likely that regulatory DCs could be found in tumor-bearing hosts and could play some role in tumor-associated immune suppression.
It has been reported that freshly isolated splenic stromal cells induced proliferation and differentiation of regulatory DC. This proliferation was dependent on cell-cell contact and fibronectin, while differentiation was dependent on cell-cell contact and TGF-β. Compared with fully matured DCs, these regulatory DCs had lower expression of MHC-II, CD86 and CD11c, but a higher expression of co-stimulatory molecules such as CD80, CD40, CD106 and CD11b. They also secreted more IL-10 and nitric oxide and less IL-12 and TGF-β. These cells strongly inhibited the proliferative response of naive CD4 + T-cells to antigen presented by mature DCs. The inhibitory effects of regulatory DCs on T-cell proliferation were mediated by nitric oxide and did not involve differentiation of CD4 + T-cells into regulatory T-cells (164) . IL-10-treated iDCs (165) and 1α,25-dihydroxyvitamin D 3 -treated iDCs (166) have been reported to induce anergic CD4 + T-cells in vitro. These regulatory DCs exhibited moderately high levels of MHC molecules, whereas they exhibited little expression of co-stimulatory molecules as compared with their normal counterparts. Furthermore, culture of bone marrow cells in the presence of IL-10 induces the differentiation of a distinct subset of dendritic cells with a specific expression of CD45RB. These CD11c low CD45RB high DCs are present in the spleen and lymph nodes of normal mice and are significantly enriched in the spleen of IL-10 transgenic mice (167) . These natural or in vitro-derived DCs display plasmacytoid morphology and an immature-like phenotype, and secrete high levels of IL-10 after activation (167).
Immature myeloid cells in cancer
IMCs are a heterogeneous population of myeloid cells comprised of immature macrophages, granulocytes, DCs and other myeloid cells at early stages of differentiation. In mice, IMCs are defined as Gr-1 + CD11b + cells (168) . IMCs are present in the bone marrow and spleen of healthy mice and differentiate into mature myeloid cells -granulocytes, macrophages and DCs -in vitro in the presence of GM-CSF or in vivo after adoptive transfer into naïve healthy recipients (169) . However, they accumulate in the spleen and, to some extent, in the lymph nodes of mice bearing many different tumors (170) (171) (172) (173) (174) . In tumor-bearing mice, these IMCs express MHC-I molecules but lack expression of MHC-II and costimulatory molecules. The functional activity of IMCs involves the inhibition of IFN-γ production by CD8 + T cells in response to peptide epitopes presented by MHC-I molecules on the surface of IMCs in vitro and in vivo (173) . This effect depends on MHC-I expression by IMCs, is not mediated by soluble factors, requires direct cell-cell contact and is mediated by reactive oxygen species, such as hydrogen peroxide (H 2 O 2 ) (175). Recent studies in vivo have demonstrated that IMC can induce antigen-specific T cell tolerance (176) . By adoptive transfer of transgenic T-cells into naive recipients, Kusmartsev et al. have found that the population of IMC from tumorbearing mice was able to induce CD8 + T-cell tolerance (176) . Neither IMC from control mice nor progeny of tumor-derived IMC, including tumor-derived CD11c + DCs were able to render T cells nonresponsive. IMC were able to take up soluble protein in vivo, process it, present antigenic epitopes on their surface and induce antigen-specific T-cell anergy (176) . The subset of IMC, Gr-1 + CD115 + cells in addition to being able to suppress T-cell proliferation in vitro, could induce the development of Foxp3 + T regs in vivo (177) . The development of Tregs required antigen-associated activation of tumor-specific T-cells, was dependent on the presence of IFN-γ and IL-10, and was independent of nitric oxide (177) . Interestingly, freshly isolated IMCs were not able to suppress CD4 + T-cells, whereas when IMCs were incubated for several days in vitro they acquired the ability to eliminate CD4-mediated T-cell responses through induction of apoptosis (178) . Gr-1 + IMCs differentiate in vitro into F4/80 + macrophages. These macrophages produce high levels of nitric oxide and can directly induce T-cell apoptosis (179) . After adoptive transfer to tumor-bearing recipients, IMC freshly isolated from spleens of tumor-bearing mice become F4/80+ tumor-associated macrophages (TAM). These TAM, but not F4/80 + macrophages or Gr-1 + IMCs freshly isolated from spleens of tumor-bearing or naive mice were able to inhibit T-cell-mediated immune response in vitro via induction of T-cell apoptosis. Arginase and nitric oxide were both responsible for the apoptotic mechanism, and were seen only in TAM, but not in freshly isolated IMC. It appears that STAT1, but not STAT3 or STAT6, was responsible for TAM-suppressive activity (179) .
In humans, IMCs are defined as cells that express the common myeloid marker CD33, but lack expression of markers of mature myeloid and lymphoid cells and the MHC-II molecule HLA-DR (180) . An accumulation of IMCs was associated with the decreased numbers of DCs in the peripheral blood of patients with head and neck, lung, and breast cancer (147) . Advanced-stage cancer promoted the accumulation of these cells in blood, whereas surgical resection of the tumor decreased the number of immature cells. A similar effect of tumor resection was observed in mouse tumor models (181) . To investigate whether IMCs obtained from patients with cancer affect MHC-I-restricted T-cell responses, HLA-A2 + T-cells specific for an influenza virus-derived peptide were incubated with IMCs isolated from the peripheral blood of HLA-A2-positive patients with cancer (180) . These IMCs inhibited the production of IFN-γ by autologous CD8 + T cells stimulated by peptide-pulsed DCs. Schmielau and Finn (182) observed that in blood samples from patients with cancer, an unusually large number of myeloid cells with granulocyte phenotype co-purified with low-density peripheral blood mononuclear cells. Freshly isolated granulocytes from healthy donors, if activated, can also inhibit cytokine production by T-cells. This action is abrogated by addition of the hydrogen peroxide scavenger, catalase, implicating H 2 O 2 as the effector molecule. These results are consistent with our findings for mouse IMCs, where hyper-production of H 2 O 2 was found to be responsible for IMC-induced T-cell suppression (169, 175) .
Thus, tumors employ rather elaborate strategies to subvert APC functions (183) . A multitude of tumor-derived factors affect normal processes of myeloid cell differentiation, which results in block of differentiation of mature DCs and accumulation of iDC and pDC. These cells are not able to effectively stimulate immune response and instead can induce T-cell tolerance due to inability to present antigens in the context of co-stimulatory molecules. Tumor microenvironment can also affect iDC converting them to immunosuppressive regulatory cells. These cells may induce T-cell defects via various mechanisms including IDO-mediated tryptophan depletion and production of IL-10. In addition, tumor-derived factors stimulate hyper-production of immature myeloid suppressor cells that probably via hyper-production of reactive oxygen species and direct cell-cell contact induce antigen-specific T-cell tolerance. It is important to point out that most of the available data was obtained in experimental systems in vitro. Their biological role in suppression of immune response in cancer remained to be elucidated. It is possible that all of these factors are important in preventing the immune system to respond to tumor-specific antigen. The current status of the field will allow investigators to test all these possibilities. This is important not only for our better understanding of the biology of the immune reactivity in cancer but also for the development of the most effective therapeutic strategies.
Conclusions and Future Directions
Current attempts at harnessing the immune system to eliminate tumors focus on vaccination to increase the frequency of tumor-specific CTLs and adoptive transfer of effector T-cells to promote tumor regression (184, 185) . However, despite considerable success in pre-clinical studies, the outcome of immunotherapy is often disappointing when translated to clinical trials. It has been proposed that the tumor microenvironment can restrict the effectiveness of antitumor responses by displaying a variety of immunosuppressive strategies. Yet, in spite of an improved understanding of tumor-immune system interactions, there are still more questions than answers regarding the interactions and hierarchy of the different tolerance mechanisms and their impact in cancer immunotherapy. Quantitative and dynamic models will be essential to dissect the kinetics of the interactions between different inhibitory molecules and the differentiation, expansion and trafficking of regulatory T-cells, NKT cells and DCs within tumor-draining lymph nodes and the tumor microenvironment. In addition it will be critical to determine the effectiveness of combined strategies involving blockade of different inhibitory signals (PD-1/PD-L1, IDO, TGF-β, IL-10, VEGF, FasL, galectin-1) together with conventional chemotherapy, vaccination or adoptive transfer of effector CTLs. Progress has been made in this direction by evaluating the effects of combined strategies, such as GM-CSF-secreting vaccines plus CTLA-4 blockade, chemotherapy plus IDO blockade and GM-CSF-secreting vaccines plus OX-40 signaling (39, 42, 43, 48, 99, 186) . The current wealth of available data provides an unprecedented opportunity to successfully translate novel basic knowledge from "the bench to the bedside", promising a future scenario in which removal of inhibitory signals in the tumor microenvironment will be successful in combination with other therapeutic strategies to overcome immunological tolerance.
Figure 1. Conversion of tumor-induced T-cell tolerance to T-cell activation
In the immune response to tumors, BM-derived APCs capture tumor antigens at the tumor site and then migrate to the secondary lymphoid organs for presentation of antigenic peptides to tumor-specific T-cells. In the absence of inflammation and/or or in the presence of a "hostile" environment characterized by immunosuppressive factors at the tumor site, this process invariable leads to the induction of T-cell tolerance. However, generation of inflammatory APCs by either stimulating inflammatory pathways or by blocking negative regulators of inflammation in these cells can convert an APC/T-cell encounter from a tolerogenic event into a priming event in the tumor-bearing host. DCs are differentiated in bone marrow from hematopoietic progenitor cells (HPC) alongside two major pathways. One is a myeloid-cell pathway that include common myeloid precursors (CMP) and immature myeloid cells (MDSC). The latter cells represent the population of immediate precursors of myeloid cells (granulocytes, macrophages, and DCs). In the periphery MDSC differentiate into immature DCs (iDC), which after encounter of different stimuli become activated or mature DCs (mDCs). The other pathway of DC differentiation includes common lymphoid precursors (CLP) and precursors of plasmacytoid DCs (ppDCs). These cells in the periphery become plasmacytoid DCs (pDC). Through a number of tumor-derived factors, tumors alter DC differentiation that results in increased production of pDC, accumulation of iDC, and immunosuppressive regulatory DCs and myeloid-derived suppressor cells (MDSC). All these populations of cells are able to suppress antigen-specific immune response in cancer via different mechanisms.
